The glycemic load (GL) defines meals according to their postprandial glycemic impact[@b1]; a high GL meal would be expected to produce a hyperglycemic response within the first postprandial hour, followed by a rapid fall in blood glucose (BG) two to four hours later. There is growing recognition that lowering the glycemic load of the diet might reduce a range of cardiovascular risk factors such as raised plasma triglycerides, HbA1c and C reactive protein[@b2][@b3] and aid in body weight regulation[@b4]. A proposed mechanism includes higher satiety and prolonged satiation by virtue of improved postprandial metabolic control[@b5], although, whether lower GL meals result in greater weight loss or increased satiety is still a matter of debate[@b6][@b7][@b8]. One matter complicating the issue is that the desire to consume food may be driven by psychological factors; food reward centres in the brain may override hormonal regulation of food intake[@b9]. Amongst psychological factors eating disinhibition (the propensity to eat opportunistically in response to emotional and environmental cues) has the largest and most consistent body of empirical data that associates it with weight gain[@b10]. Indeed a review of seven prospective trials have supported the association between BMI and disinhibition[@b10], however, the mechanisms driving eating disinhibition are still unknown. In the present study we consider the possibility that, irrespective of BMI or habitual diet, disinhibited eaters have altered vagal tone and greater glycemic excursions following a high glycemic load drink; effects that compromise subsequent satiation.

The negative health consequences of disinhibited eating are generally considered the result of poor dietary choices[@b11], as such the possibility that disinhibition directly influences the postprandial response to a meal has not been considered. Nonetheless, from a neurobiological perspective there is reason to suspect that there might be a direct link: Dietrich, *et al*.[@b12] recently reported that a disinhibited eating style correlated negatively with the strength of functional connectivity between the dorsomedial prefrontal (dmPFC) cortex and the amygdala and caudate. It is noteworthy that such regions are also commonly associated with individual differences in heart rate variability (HRV)[@b13]; an indicator of vagal tone. For instance, HRV has been found to covary with the activity of the medial prefrontal cortex, anterior cingulate cortex, parts of the basal ganglia and the amygdala[@b14][@b15] (See ref. [@b16] for further information on the neural connections between vmPFC and the vagus nerve). Indeed, vagal tone, as measured by HRV, is often considered a biomarker of one's capacity to maintain inhibitory control[@b13][@b17][@b18][@b19]. Taken together these findings suggest that disinhibited eaters may, by virtue of altered PFC activity, be characterised by reduced vagal tone. One aim of the present study was to test this hypothesis.

Beyond an index of self-regulatory capacity, the vagus nerve is known to have a wide range of metabolic and anti-inflammatory effects, for example, the vagus nerve is a main component of the cholinergic anti-inflammatory pathway[@b20]. In addition, low vagal tone, as measured by HRV, has been shown in prospective trials to predate the development of diabetes. Carnethon *et al*.[@b21] examined the prospective association between HRV and the development of diabetes in 8,185 middle-aged men and women from the ARIC study. The follow up period lasted eight years during which 1,063 participants developed diabetes. Compared to those in the highest quartile of HRV, those in the lowest quartile had a 1.2-fold greater risk of developing diabetes after adjustment for age, race, gender, education, alcohol use, smoking, heart disease, physical activity and BMI. In addition, a recent study found that declines in HRV statistically mediated the effect of work stress on fasting glucose and HbA1c[@b22], supporting a role for psychological factors in modulating vagal tone with consequences for metabolism.

Taken together these finding suggested that disinhibited eaters might, via differences in vagal activity, experience an altered postprandial milieu hindering subsequent appetite control. Therefore, the present study sought to determine the influence of disinhibited eating on the postprandial glycemic response to drinks differing in GL and whether this was related to hunger. Also considered was whether reduced vagal tone in disinhibited eaters might account for differences in glycemia. Accordingly, after fasting overnight young adults consumed glucose, isomaltulose (a low glycemic index (GI) carbohydrate) or water and had their blood glucose and state hunger monitored for the next two and a half hours. Measures of eating disinhibition, food frequency, BMI and resting HRV were obtained. Our results highlight a specific role for disinhibited eating in the management of the postprandial glycemic response; over and above the effect of overeating, such mechanisms may play a role in the link between disinhibited eating and obesity.

Results
=======

The effect of disinhibited eating on the postprandial response to GL
--------------------------------------------------------------------

To determine the effect of GL on blood glucose (BG) and hunger two sets of change scores were calculated. BG taken after thirty minutes minus BG at baseline was taken as in index of the raise in BG levels during the early post prandial period. BG after one hundred and fifty minutes minus BG after thirty minutes was taken as an index of the speed of decline from the zenith to the nadir. Parallel scores were calculated for ratings of hunger. A moderated mediation analysis was used to determine the influence of disinhibited eating on the postprandial response to GL, and to establish the consequences for subsequent hunger (Hayes PROCESS model 59; [Fig. 1](#f1){ref-type="fig"})[@b23]. Dummy variables were created for type of drink and these were considered in turn as independent variables (X): as such the analysis considered the relative direct and indirect effects of consuming glucose rather than isomaltulose when controlling for water. Hunger was the dependent variable (Y), and blood glucose level was the mediator (M). Disinhibited eating was considered a moderator (W) of both the direct and indirect effects, and BMI was considered as a covariant of both M and Y.

After thirty minutes
--------------------

Initially the effects of GL, disinhibition and their interaction on blood glucose were considered (paths a~1~, a~2~ and a~3~; [Fig. 1](#f1){ref-type="fig"}). The model was significant (R^2^  = 0.71, F(5,52) = 26.512, p \< 0001) accounting for 71% of the variance in BG. As expected there was a main effect of consuming glucose relative to isomaltulose (B = 1.695, 95% CI LL 1.202, UL 2.187); those who consumed glucose had higher blood glucose. There was also a main effect of disinhibition (B = 0.079, 95% CI LL 0.027, UL 0.130); the greatest blood glucose levels were experienced by those with the highest levels of disinhibition. Interestingly, the interaction between GL and disinhibition was also significant (B = 0.192, 95% CI LL. 086, UL 0.297). The effect was that those with the highest levels of disinhibited eating had the highest blood glucose levels after consuming glucose ([Fig. 2](#f2){ref-type="fig"}). Importantly, this was true even after controlling for the effect of BMI which did not predict blood glucose levels after thirty minutes (B = 0.044, 95% CI LL −0.016, UL 0.105).

Next the effects of GL, blood glucose levels and disinhibition on hunger after thirty minutes were considered (paths c~1~, c~2~, c~3~, b~1~ and b~2~; [Fig. 1](#f1){ref-type="fig"}). The model accounted for 20% of the variance in hunger and was significant (R^2^ = 0.20, F(7,50) = 2.014, p \< 05). The main effects of GL (B = −6.292 95% CI LL −16.465, UL 3.881) and BG level (B = 0.319, 95% CI LL −3.676, UL 4.316) did not predict hunger. However, there was a main effect of disinhibition (B = 1.501, 95% CI LL 0.587, UL 2.415); after consuming a drink those highest in disinhibited eating had an increase in hunger whereas those lower had a decrease in hunger. The interactions BG X Disinhibition (B = −0.142, 95% CI LL −0.840, UL 0.556) and GL X Disinhibition (B = 0.244, 95% CI LL −2.296, UL 2.784) were not significant and BMI did not predict hunger (B = 0.412, 95% CI LL −0.585, UL 1.410).

Finally the moderated indirect effect of GL on hunger through blood glucose levels was examined (path a~3~b~1~; [Fig. 1](#f1){ref-type="fig"}). Change in BG predicted the change in hunger (B = 3.338, 95% CI LL 0.598, UL 6.079) and BG mediated the effect of consuming glucose relative to isomaltulose or water on hunger (B = 3.262, 95% CI LL 0.088, UL 5.981) but this did not depend on the level of disinhibition.

### After one hundred and fifty minutes

The model which considered the effect of GL, disinhibition and their interaction on change in BG was significant (R^2^  = 0 .78, F(5,53) = 39.309, p \< 0.0001) accounting for 78% of the variance. Consuming glucose rather than isomaltulose resulted in a sharper decline in BG levels (B = −2.242, 95% CI LL −0.186, UL −1.740) during the late postprandial period, an effect that depended upon the level of disinhibition (B = −0.240, 95% CI LL −0.348, UL −0.131): consuming glucose rather than isomaltulose resulted in a steeper decline in BG levels in highly disinhibited eaters ([Fig. 2](#f2){ref-type="fig"}). BMI did not predict BG levels (B = −0.063, 95% CI LL −0.126, UL −0.001).

When the effects of GL, blood glucose levels and disinhibition on hunger were considered, the model accounted for 32% of the variance in hunger and was significant (R^2^  = 0 .32, F(7,51) = 3.493, p \< 0.003). Consuming glucose rather than isomaltulose resulted in greater hunger (B = 28.268, 95% CI LL 10.728, UL 45.807) but the interaction GL X disinhibition was not significant (B = 0.185, 95% CI LL −4.203, UL 4.574). There was no main effect of BG (B = −0.122, 95% CI LL −5.551, UL 5.307), however, the interaction BG X disinhibition reached significance (B = −0.446, 95% CI LL −2.202, UL −0.371); blood glucose only predicted hunger in those low in disinhibition. BMI was not (B = −0.343, 95% CI LL −1.859, UL 1.172) related to hunger.

When the moderated indirect effect of GL on hunger through blood glucose levels was considered, blood glucose mediated the effect of GL on hunger but only in low disinhibited eaters ([Fig. 3](#f3){ref-type="fig"}). Consuming isomaltulose rather than glucose reduced hunger at the end of the morning but only in low disinhibited eaters.

The effect of vagal tone
------------------------

It is possible that that postprandial differences in disinhibited eaters results from alterations in vagal tone. Initially baseline scores were examined to determine whether disinhibited eaters had lower heart rate variability while fasted. A hierarchical regression was conducted: step one controlled for BMI and step two included the average RR interval, HFpow and SampEn. Disinhibited eating was the dependant variable. Data are shown in [Table 1](#t1){ref-type="table"} and [Fig. 4](#f4){ref-type="fig"}. Those high in disinhibited eating had a lower SampEn (B = −6.308, p \< 0.005), that is they had a lower heart rate complexity. In addition, highly disinhibited eaters also had lower vagal activity as indexed by the HFpow (B = 0.022, p \< 0.03) and tended to have a higher HR (lower RR interval), although this effect did not reach significance (B = −.015, p \< 0.07).

To explore the possibility that reduced HRV contributes to the altered glucose metabolism in disinhibited eaters, a multiple mediation analysis was carried out using Hayes PROCESS macro for SPSS model 4[@b23]. To exclude the confounding influence of GL this analysis was conducted only in those who consumed glucose (n = 21). Disinhibited eating was considered as the independent variable (X), change in BG level was used as the dependent variable (Y), and HRV (RR interval, HFpow and SampEn) were mediators (M) ([Fig. 5](#f5){ref-type="fig"}). BMI was entered as a covariate of both M and Y.

### After thirty minutes

Overall the model was significant (R^2^  = 0 .86, F(5,12) = 5.198, p \< 0.05). Interestingly all three HRV indices independently predicted BG: RR interval (B = −0.018, 95% CI LL −0.035, UL -−0.001), HFpow (B = 0.003, 95% CI LL 0.005, UL 0.055), SampEn (B = −14.489, 95% CI LL −26.019, UL −2.959). Notably, when accounting for HRV, disinhibition was not related to the change in BG (B = −0.217, 95% CI LL −0.602, UL 0.168); importantly this was after controlling for BMI which did not relate to BG (B = −0.099, 95% CI LL −0.338, UL 0.139).

When the indirect effect of disinhibition on change in BG was considered SampEn accounted for the effect, as did the RR interval (B = 0.113, 95% CI LL 0.004, UL 0.564). The indirect effect of HFpow (B = −0.073, 95% CI LL −0.346, UL 0.163) was not significant. The effect was that those highest in disinhibition had a lower HR complexity and a higher HR which in turn predicted a greater glycemic response.

### After one hundred and fifty minutes

Similar effects were evident during the late postprandial period; having a steep decline in BG was associated with lower HRV complexity at baseline (B = 6.228, 95% CI LL 2.431, UL 10.025) although neither RR interval (B = 0.005, 95% CI LL −0.007, UL 0.018) nor HFpow B = −0.002, 95% CI LL −0.003, UL 0.001) were related to BG. The only indirect effect to reach significance was that of SampEn which was related to both disinhibition and BG (B = 6.180, 95% CI LL 0.842, UL 23.914); disinhibited eaters had a lower heart rate complexity which was related to having a steeper decline in BG and a lower nadir ([Fig. 6](#f6){ref-type="fig"}).

The effect of habitual diet
---------------------------

Although the initial analysis controlled for an effect of BMI, disinhibited eaters are known to make less healthy food choices. As such it is possible that the effect of disinhibition on BG levels may be explained by habitual dietary intake. To explore this possibility the above moderated mediation analyses was repeated controlling for habitual diet (see methods section) rather than BMI. Disinhibited eaters did eat a poorer diet (B = −6.135, 95% CI LL −9.777, UL −2.493), however, the overall pattern of results was similar. When controlling for habitual diet disinhibited eaters still had a higher glycemic response to glucose after thirty minutes (GL X Disinhibition: B = 1.792, 95% CI LL 0.625, UL 0.293) and a sharper decline in BG (GL X Disinhibition: B = −0.209, 95% CI LL −0.323, UL −0.095). After 150 minutes consuming a poorer diet habitually was related to BG levels (B = −0.268, 95% CI LL −0.517, UL −0.019) but this effect was independent of the effects of disinhibition -- in fact whereas disinhibition was associated with lower BG during the late postprandial period, eating a poorer habitual diet was associated with a higher BG.

To exclude the possibility that disinhibited eaters have a reduced HRV due to a poorer diet the hierarchical regression was repeated controlling for diet. Both SampEn (B = −4.906, 95% CI LL −8.268, UL −1.544) and HFpow (B = 0.002, 95% CI LL 0.001, UL 0.004) remained associated with disinhibition.

Finally, given that disinhibited eaters habitually ate a poorer diet, and that habitual diet was related to BG levels after 150 minutes, the possibility that habitual diet was responsible for the effect of disinhibition on BG was considered. The indirect effect was significant (B = −0.118, 95% CI LL −0.431, UL −0.017), however, the direct effect also remained significant (B = −0.187, 95% CI LL −0.337, UL −0.036) implying partial mediation.

Discussion
==========

For the first time this study explored the hypothesis that disinhibited eaters have an altered postprandial response to glycemic load (GL). Thirty minutes after consuming a high GL drink those high in disinhibited eating had higher blood glucose (BG) levels, whereas after one hundred and fifty minutes they had the lowest BG levels ([Fig. 2](#f2){ref-type="fig"}). The effect of disinhibition on BG was related to differences in vagal tone; disinhibited eaters had a lower HRV which was associated with having a greater glycemic response during the early post prandial period (PPP) but lower BG during the late PPP ([Figs 4](#f4){ref-type="fig"} and [6](#f6){ref-type="fig"}). Importantly, these effects did not depend on BMI or habitual dietary intake; that is disinhibited eaters were characterised by reduced vagal tone and greater glycemic excursions after the influence of BMI and diet had been controlled.

A key finding was that disinhibited eaters were characterised by reduced vagal tone, as measured by HRV ([Table 1](#t1){ref-type="table"}). This is consistent with a body of evidence that has found HRV to be related to performance on a range of tasks associated with self-regulatory capacity[@b18]. For example, a recent meta -- analysis of 26 studies found that HRV was a significant correlate of self -- control[@b18]. The Neurovisceral Integration Model[@b16] posits that trait (i.e., at rest) HRV is a proxy for the 'inhibitory capacity' of a central autonomic network (CAN) that regulates behavioural, cognitive, and emotional responses. Brain regions of the CAN comprise those related to executive function and inhibition such as the PFC which exert inhibitory control on subcortical structures and the peripheral nervous system via the vagus nerve[@b13]. Recent neuroimaging studies have begun to investigate the neural underpinnings of disinhibited eating and find structural and functional changes within the CAN[@b12][@b24]. Taken together with the present findings it is plausible that disinhibited eaters have reduced vagal tone due to reduced activation of the PFC, although studies in disinhibited eaters combining fMRI and HRV are needed to confirm this hypothesis.

A second important finding was that those high in disinhibited eating experienced greater glucose excursions during the PPP after the high GL ([Fig. 2](#f2){ref-type="fig"}); an effect ameliorated by consuming the low isomaltulose based drink. In line with previous research[@b21][@b25][@b26] these changes in BG were negatively related to vagal tone. There are a number of possible explanations for why changes in blood glucose might be attributable to the ameliorated parasympathetic tone in disinhibited eaters. Firstly, the vagus nerve plays a major role in the inflammatory reflex: a neural reflex mechanism in which afferent vagus signalling (activated by cytokines or pathogen-derived products) is associated with efferent vagal output regulating cytokine production and inflammation[@b20]. For example, a recent study found that vagus nerve-stimulation (VNS) in epilepsy patients inhibits peripheral blood production of TNF, IL-1β, and IL-6[@b27]. Given that inflammatory processes are thought increase allostatic load[@b28] and play a role in the aetiology of insulin resistance[@b29], it is possible that chronically reduced vagal tone in disinhibited eaters may predispose towards insulin resistance.

The pattern of changes in BG following the high GL in disinhibited eaters would be consistent with the view that they had mild insulin resistance. Following a glucose load insulin secretion occurs in a biphasic pattern; the first phase, a rapid release that last only a few minutes, is followed by a steady sustained release (second phase)[@b30]. Loss of first phase glucose stimulated insulin release is found in the early stage of insulin resistance, while the second phase is reduced as diabetes develops[@b30][@b31][@b32]. The steep rise, followed by a sharp fall in BG ([Fig. 2](#f2){ref-type="fig"}) that was observed in the present study might be attributed to an inadequate early insulin release, although further research measuring plasma insulin is required to confirm this suggestion.

Notably, vagal efferent innervation of the pancreas contributes to early-phase insulin release as well as to optimizing postprandial insulin release[@b33]. For instance, electrical stimulation of the vagus nerve elicits insulin secretion in different species[@b34][@b35]. Conversely, atropine that blocks vagal action, significantly reduces basal and stimulated levels of insulin in rats[@b36], primates[@b37] and humans[@b38]. In addition, crosstalk between the brain and the liver via the vagus nerve contributes significantly to BG regulation. Vagal activation at the level of the liver inhibits enzymes involved in gluconeogenesis and activates enzymes promoting glycogen synthesis. For instance, atropine or severance of the vagus nerve results in an increase in hepatic glucose production[@b39]. In return, vagal afferents in the hepatic portal contain glucagon-like peptide-1 receptors (GLP-1r) that convey information about peripheral glucose status back to the brain. Taken together with the present findings it is plausible that disinhibited eaters, by virtue of reduced vagal tone, may be predisposed to inadequate BG regulation following a high GL. However, as we did not directly manipulate vagal tone causality cannot be determined. Recently, Huang *et al*.[@b40] found that over a twelve week period transcutaneous auricular vagus nerve stimulation in humans reduced two-hour plasma glucose levels in patients with impaired glucose tolerance. A similar approach might prove fruitful in future studies examining the association between disinhibited eating, vagal activity and BG regulation.

An important consideration in the present study was the contribution of habitual dietary habits. Disinhibited eaters are more likely to choose high-fat and high-salt foods, processed meat, sweet fruits and vegetables, and sweet, carbonated drinks[@b41], and to report a higher intake of sweet foods, ice cream, butter and coffee[@b42]. This suggests that a less healthy food choice could contribute to the altered vagal tone and glucose metabolism that was observed in disinhibited eaters. Indeed it is possible that vagal afferent signalling is altered in response to a high fat diet, even before the onset of obesity[@b43][@b44]. In the present study consuming a less healthy diet was associated with poorer BG regulation and reduced vagal tone, however, it did not fully account for their association with disinhibition. This suggests that disinhibited eaters have a pre-existing disposition towards impaired vagal tone and glucose intolerance; an effect that may then be exacerbated by a poor diet.

Finally, a low GL did not reduce hunger during the late postprandial period in disinhibited eaters but did in those low in disinhibition ([Fig. 3](#f3){ref-type="fig"}); an effect mediated by the maintenance of a higher BG level in these subjects. From a homeostatic viewpoint, maintaining a stable postprandial BG level should reduce hunger and meal frequency, and thus improve weight control[@b6], however this homeostatic process is often negated by the hedonic desire for food reward[@b9]. The interaction between these two systems is appreciated by research examining the effects of homeostatic hormones, such as insulin and leptin, on brain regions mediating the rewarding nature of food[@b45]. Vagal signalling plays an important role in appetite and satiety leading to the suggestion that vagal nerve stimulation/blockade might reduce food intake and weight gain. Preclinical research has found that VNS reduces food intake and/or body weight in rats and other animals[@b46] and is associated with weight loss in human epileptic patients[@b47], although these effects might be diminished in those who are overweight[@b48]. Recently, the FDA approved a technique of vagal blocking (VBLOCK) as a weight-loss treatment device in obesity. However, clinical trials have yielded contradictory results[@b49][@b50][@b51][@b52]. In the present study we found that disinhibition was not only associated with decreased vagal tone but also an increase, rather than a decrease, in hunger during the early PPP. Based on this information we speculate that disinhibited eaters might have reduced interoceptive sensitivity leading them to rely on exteroceptive signals in order to regulate their eating behavior.

The limitations of the present study should be considered. Firstly, as a range of factors such as heart disease and medication might influence HRV, a young healthy sample was chosen for the present study: this approach, however, does limit the generalizability of the results. Secondly, although posteriori mathematical modelling will test if the data structure is compatible with causation, it is not a proof of causation. As such future research should directly manipulate vagal tone and monitor effects.

In conclusion, we report that following a high GL disinhibited eaters have a greater glycemic response than their less inhibited counterparts. This response remained even after controlling for BMI and habitual diet; therefore, it can be viewed as an enduring individual difference that predisposes disinhibited eaters to an unfavourable postprandial environment and a range of negative health consequences. Disinhibited eaters were characterised by reduced vagal tone (HRV); an effect associated with larger glycemic excursions in these subjects. Disinhibition also moderated the effect of glycemia on subsequent hunger; that is they appear to be less sensitive to interoceptive signals. The moderating influence of disinhibition might shed light on the debate surrounding the efficacy of low GL diets for increasing satiety and reducing obesity[@b6][@b7][@b8]. Future research examining the effects of GL should seek to understand its interaction with psychological factors.

Methods
=======

Participants
------------

Sixty six females between 18 and 29 years of age were recruited for this study and took part between the months of September and December 2015. Participants were excluded if they had a cardiovascular or metabolic disorder, gastrointestinal problems, were pregnant, had a current diagnosis of a mood or eating disorder, and/or were taking medications or herbal supplements to manage body weight or control appetite. BMI ranged from 17.15 to 31.24 kg/m^2^. Participants were instructed to refrain from drinking alcohol and taking part in any physical activity within twenty four hours of the study and abstain from consuming any food and drink for at least twelve hours before attending the laboratory. As this was the first study to consider the metabolic and appetite response to GL in disinhibited eaters, power analysis was not feasible. However the sample size was based on similar work that has been conducted in restrained eaters[@b53].

Procedure
---------

Upon entry into the laboratory, after providing their informed consent, the participants completed the disinhibition scale of the Three Factor Eating Questionnaire[@b54], a food frequency questionnaire (FFQ) and reported their level of hunger. Participants then had their height, weight and fasting BG measured before baseline R-R interval measurements were recorded while they rested quietly for five minutes. This study employed a parallel designed study as such the participants were then randomly allocated to receive water (n = 22), isomaltulose (n = 23) or glucose (n = 21). The random sequence was computer generated by HY who produced the solutions in sequentially numbered tumblers. Participants were allocated by HW in the order they were recruited. The subjects and HW who met the subjects was blind as to the nature of the meals consumed. At baseline the groups were well matched for ratings of hunger, heart rate variability, fasting blood glucose, disinhibition, habitual diet and BMI ([Table 2](#t2){ref-type="table"}). Participants were given five minutes to consume the entire beverage following which they relaxed (either reading of watching TV) for thirty minutes before they again rated their hunger and a BG measurement was taken. Over the next one hundred and twenty minutes BG measurements were taken every thirty minutes while participants relaxed. After a total of one hundred and fifty minutes a final BG measurement was taken and hunger reported. The procedure was approved by Swansea University ethics committee (08.25.2015.2) and carried out in accordance with the principles laid down by the declaration of Helsinki 2013. All participants completed the study. This trial was registered at clinicaltrials.gov NCT02827318 on 29/06/16.

Test drinks
-----------

Each drink was 500 ml provided in a clear plastic tumbler. The test drinks contained either 75 g of glucose or 75 g of isomaltulose dissolved in water. The sugar free beverage was sweetened with sucralose to produce a similar sweetness to the other drinks. All the drinks contained 10 ml of lemon juice to increase palatability. The glucose and isomaltulose drinks were designed to be identical in terms of macro-nutrients and appearance but produce a different GL[@b55]. The glucose, isomaltulose and water drinks provided the following GLs respectively: 75, 24 and 0.

Hunger
------

Participants were asked to respond to the question "how hungry are you feeling right now" on a single 100 mm visual analogue scale anchored by "Not at all" and "Extremely".

Disinhibition
-------------

The tendency towards disinhibited eating was measured using the 16 item disinhibition subscale of the three factor eating questionnaire[@b54]. This scale measures loss of cognitive control of eating using true-false items (eg "Sometimes when I start eating, I just can't seem to stop"). In the present sample Cronbach's alpha for the 16 items was 0.759.

Habitual diet
-------------

The European Prospective Investigation into Cancer and Nutrition Norfolk Food Frequency Questionnaire (EPIC-Norfolk FFQ) (Mulligan *et al*. 2014) was used to collect dietary data. During data collection a common unit or portion size for each food was specified and subjects were asked to indicate on a 9 point scale ranging from 'never' to '6+ per day', how often they tend to consume specific foods. Bingham, *et al*.[@b56] previously validated this tool by comparing it to a 16-day weighed food record. It has also been validated against nutrient biomarkers[@b57]. FETA software was then used to further process the data. FETA uses UK based food composition databases to produce nutrient data as well as basic food groups[@b58]. Importantly this gives rise to food groups that are captured cleanly, for example, fruit juice fraction of a juice drink -- which may be only 10% of the total product -- counts toward total fruit, but the rest of the beverage counts toward added sugars. Likewise, the skim milk fraction of whole milk counts toward the dairy constituent, but the butterfat in whole milk counts toward calories from solid fat. From these food groups a modified version of the alternate healthy eating index (AHEI) score[@b59] was created by taking the sum of 7 component scores \[1: fruit; 2: vegetable; 3: ratio of white meat (seafood and poultry) to red meat; 4: ratio of polyunsaturated fatty acids (PUFA) to saturated fatty acids9 SFA); 5: total fiber; 6: nuts and seeds; and 7: multivitamin use\]. The score ranged between 2.5 and 67.5 with higher values corresponding to a healthier diet -- a healthy diet consisting of one that is high in fruit, vegetables, white meat and fish, PUFA, fibre and nuts and seeds and low in SFA and red meat). This approach was chosen to maintain consistency with other large UK based cohort studies that have examined the influence of dietary patterns on mental and physical health[@b60] and previous studies by the current authors.

Body mass index
---------------

Body mass was measured using an electronic scale (Kern KMS-TM, Kenr and Sohn GmbH, Germany) that, to avoid problems associated with movement, took 50 assessments over a 5 second period and produced an average value. Height was measured using a portable stadiometer.

Blood glucose
-------------

Blood glucose was monitored from finger pricks using an ExacTech sensor (Medisense Britain Limited) that using an enzymic method, coupled with microelectronic measurement, which has been shown to be accurate[@b61].

Heart rate variability
----------------------

As an index of vagal tone heart rate variability was calculated from a R-R interval time series. Participants were fitted with a RS800 Polar heart rate monitor electrode transmitter belt (T61) using conductive gel as recommended by the manufacturer. Interbeat interval measurements were collected using a Polar RS800 HR monitor set to R-R interval mode (Polar Electro, Kempele, Finland) at a sampling rate of 1000 Hz. This instrument has been previously validated for the accurate measurement of R-R intervals and for analysing Heart Rate Variability (HRV)[@b62]. Participants were seated comfortably and asked to relax for five minutes while the HR time series was recorded.

Statistical Analysis
====================

Heart rate variability
----------------------

R-R interval data were analysed using Kubios HRV Analysis Software 2.0 (The Biomedical Signal and Medical Imaging Analysis Group, Department of Applied Physics, University of Kuopio, Finland)[@b63]. Data were visually inspected for artefacts caused by ectopic beats, poor conductivity etc. A very low correction threshold was chosen for artefact correction (0.45 from local average) so not to distort natural variability. Less than 1% of beats were identified as artefacts.

Spectral analysis was conducted to transform the time series into the frequency domain. The R-R interval series was converted to equidistantly sampled series by cubic spline interpolation at a rate of 4 Hz. Welsh's periodogram, which divides the R-R series into overlapping windows, was used to decrease the leakage effect, and the spectrum estimate was obtained by averaging the Fast Fourier Transform (FFT) spectra of these windowed segments. Average spectral power was estimated within the high frequency (HFpow) (0.15--0.4) band, which represents vagal activity. As it has previously been reported that nonlinear complexity indices capture additional information[@b64] sample entropy (SampEn) was also calculated. Entropy refers to system randomness, regularity and predictability and allows systems to be quantified by the amount of information within the signal. SampEn has been defined as the negative natural logarithm for conditional properties that a series of data points a certain distance apart, m, would repeat itself at m + 1 where self-matches are not included in calculating the probability. A lower value of SampEn also indicates more regularity in the time series. The computation of sample entropy depends on two parameters; the embedding dimension m and the tolerance r. In the present study these were set as m = 2 and r = 0.2 SDNN. See Young and Benton[@b64] for formulae for calculating sample entropy and for a graphical representation. The average R-R interval was calculated as a measure of basic heart rate.

Moderated mediation
-------------------

To determine the influence of disinhibited eating on the postprandial response to GL and to establish the consequences for subsequent hunger, moderated mediation analysis was conducted using Hayes PROCESS macro for SPSS model 59[@b23]. This macro uses bootstrapped sampling to estimate the indirect mediation effect. In the present analysis 5000 bootstrapped samples were drawn with replacement from the dataset to estimate a sampling distribution for the indirect mediation pathway. The total effect of X on Y (denoted by c in [Fig. 1](#f1){ref-type="fig"}), can be expressed as the sum of the direct effect (denoted by c′) and indirect effect, which is the product of the a and b paths (denoted by ab), such that c = c′ + ab. Indirect effects (B) and 95% confidence intervals are reported.

Hierarchical regression
-----------------------

A hierarchical regression was conducted to determine the association between HRV indices and disinhibited eating after controlling for BMI: step one controlled for BMI and step two included the average RR interval, HFpow and SampEn. Disinhibited eating was the dependant variable.

Detection of outliers
---------------------

To detect possible outliers Cook's Distance[@b65] was calculated. The Cook's Distance reflects the extent to which model residuals would change if a particular subject's data (in multivariate space) were excluded from the estimated regression coefficient. Larger Cook's Distance values indicate more influential subjects. The threshold for determining influential observations was set as 4/N in line with previous recommendations[@b66]. When certain cases had a Cook's Distance that exceeded this threshold those cases were excluded and the data re-analysed. This did not affect the outcome of any analysis and as such no cases were excluded.
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![The statistical model which tested the effects of disinhibited eating on the postprandial response to GL and subsequent hunger.](srep35740-f1){#f1}

![Top: The effect of consuming glucose, isomaltulose or water on postprandial blood glucose in high and low disinhibited eaters. Bottom: The effect of consuming glucose, isomaltulose or water on postprandial blood glucose in those with high and low HR entropy. Data are mean (se) for blood glucose levels during the postprandial period (N = 66). After thirty minutes disinhibited eaters had a greater increase in blood glucose levels if they had consumed glucose (B = 0.192, 95% CI 0.086, 0.297). In addition those high in disinhibited eating had an abrupt decline in blood glucose from thirty to one hundred and fifty minutes after consuming glucose (B = −0.240, 95% CI −0.348, −0.131). Disinhibition did not modulate the postprandial glycemic profile after either water or isomaltulose. Similarly, those with a lower HR entropy had a higher zenith after thirty minutes (B = −14.489, 95% CI LL −26.019, UL −2.959) if they consumed glucose -- their blood glucose also fell more quickly (B = 6.180, 95% CI LL 0.842, UL 23.914).](srep35740-f2){#f2}

![Moderated indirect effects of glycemic load (GL) on hunger through changes in blood glucose depending on level of disinhibited eating during the late postprandial period.\
Data are B (95%CI) for +/− 1SD away from the mean for disinhibition. (N = 66). The analysis compared glucose to isomaltulose whilst controlling for water. Blood glucose mediated the effect of GL on hunger but only in low disinhibited eaters. Significant paths are highlighted in red.](srep35740-f3){#f3}

![The association between disinhibited eating and heart rate entropy.\
Data are resting heart rate entropy and disinhibition scores from the three factor eating questionnaire. N = 66. Those high in disinhibited eating had a lower SampEn (B = −6.308, p \< 0.004).](srep35740-f4){#f4}

![The statistical mediation model which tested the effects of disinhibited eating on heart rate variability (HRV) and blood glucose levels.](srep35740-f5){#f5}

![The associations between disinhibited eating change in blood glucose and heart rate complexity.\
Data are resting heart rate entropy, disinhibition scores from the three factor eating questionnaire and change in blood glucose (after one hundred and fifty minutes minus after thirty minutes) (N = 21). Disinhibited eaters had a lower heart rate complexity (B = −5.80, 95% CI −9.80, −1.81) which in turn was related to a sharper decline in blood glucose levels (B = 6.228, 95% CI 2.431, 10.025).](srep35740-f6){#f6}

###### Results from the multiple regression analysis that assessed the associations between resting HRV (while fasted) and disinhibited eating.

  DV                                            IV                         B     R^2^        F        *p*
  ----------------------- ---------------------------------------------- ------ ------- ----------- -------
  Disinhibition                            **MODEL 1**                           0.08      0.375     0.543
  BMI                                         0.134                                        0.377    
  **MODEL 2**                                                             0.53   4.801   **0.002**  
  BMI                                         0.060                                        0.693    
  RR interval                                 −0.015                                     **0.075**  
  HFpow                                       0.022                                      **0.032**  
  SampEn                                      −6.308                                     **0.004**  
  **Change statistics**    **R^2^ = 0.28, F (3,49) = 6.237 p \< 0.001**                             

Those high in disinhibited eating had a lower heart rate complexity (SampEn) (p \< 0.004) and lower vagal activity (HFpow) (p \< 0.03).

###### Baseline and individual difference scores for participants who received water, isomaltulose or glucose.

                                     Glucose                                 Isomaltulose                                  Water
  ----------------- ------------------------------------------ ----------------------------------------- -----------------------------------------
  Baseline hunger                  68.38(7.48)                                60.16(6.35)                               57.07(7.21)
  Baseline BG                       4.79(0.11)                                4.11(0.10)                                4.60(0.11)
  Baseline RR                     788.85(20.48)                              757.28(17.40)                             791.67(19.73)
  Baseline HFpow                  607.75(127.34)                            363.24(108.22)                            586.00(122.71)
  Baseline SampEn                   1.38(0.07)                                1.38(0.06)                                1.43(0.07)
  Disinhibition                    11.81(0.99)                                10.00(0.94)                               11.11(0.94)
  BMI                              22.32(0.70)                                21.81(0.66)                               23.08(0.66)
  Habitual diet                    50.37(5.72)                                32.27(5.39)                               39.16(5.39)
  Hunger 30 min                    63.06(5.93)                                61.00(5.59)                               65.75(5.59)
  BG 30 min           7.75(0.27)[\*](#t2-fn1){ref-type="fn"}    6.06(0.25)[\*](#t2-fn1){ref-type="fn"}    4.55(0.25)[\*](#t2-fn1){ref-type="fn"}
  Hunger 150 min     100.31(5.88)[\*](#t2-fn1){ref-type="fn"}   73.22(5.55)[\*](#t2-fn1){ref-type="fn"}   88.50(5.55)[\*](#t2-fn1){ref-type="fn"}
  BG 150 min          4.21(0.12)[\*](#t2-fn1){ref-type="fn"}    5.17(1.11)[\*](#t2-fn1){ref-type="fn"}    4.76(0.11)[\*](#t2-fn1){ref-type="fn"}

Scores for hunger, blood glucose and heart rate variability after thirty, and one hundred and fifty minutes are also provided. Data are mean (se). BG -- Blood glucose, RR -- RR interval, HFpow -- High frequency power, SampEn -- Sample Entropy, BMI -- Body mass index. \*p \< 0.001.
